Purpose Idiopathic scoliosis can lead to sagittal imbalance. The relationship between thoracic hyper-and hypokyphotic segments, vertebral rotation and coronal curve was determined. The effect of segmental sagittal correction by in situ contouring was analyzed. Methods Pre-and post-operative radiographs of 54 scoliosis patients (Lenke 1 and 3) were analyzed at 8 years follow-up. Cobb angles and vertebral rotation were determined. Sagittal measurements were: kyphosis T4-T12, T4-T8 and T9-T12, lordosis L1-S1, T12-L2 and L3-S1, pelvic incidence, pelvic tilt, sacral slope, T1 and T9 tilt. Results Thoracic and lumbar curves were significantly reduced (p = 0.0001). Spino-pelvic parameters, T1 and T9 tilt were not modified. The global T4-T12 kyphosis decreased by 2.1°on average (p = 0.066). Segmental analysis evidenced a significant decrease of T4-T8 hyperkyphosis by 6.6°(p = 0.0001) and an increase of segmental hypokyphosis T9-T12 by 5.0°(p = 0.0001). Maximal vertebral rotation was located at T7, T8 or T9 and correlated (r = 0.422) with the cranial level of the hypokyphotic zone (p = 0.003). This vertebra or its adjacent levels corresponded to the coronal apex in 79.6 % of thoracic curves.
Introduction
Idiopathic scoliosis represents a three-dimensional (3D) spinal deformity involving coronal, sagittal and transversal planes. Top views of the spine were used to understand the phenomenon of vertebral migration during scoliosis progression [1, 2] . In thoracic curves, vertebral rotation leads to an anterior and lateral vertebral displacement. In lumbar curves, vertebral migration follows a posterior and lateral direction.
A variety of instrumentations exist, aimed to obtain a balanced spine. The Cotrel-Dubousset technique first attempted to correct kyphosis by rod derotation [3] . Modern approaches using segmental pedicle screw fixation act by direct vertebral derotation [4] . Simultaneous two-rod translation [5] or vertebral coplanar alignment [6] enables to restore kyphosis in thoracic curves. In situ contouring uses a rod that follows the shape of the scoliotic spine, which is then bent to correct the 3D deformity sequentially [7] .
Although these methods seem to facilitate reduction, thoracic kyphosis correction remains a concern and preoperative planning is crucial to achieve an adequate sagittal balance.
The Lenke classification [8] offers a comprehensive radiographic evaluation since coronal curves and their flexibilities, lumbar modifiers and the sagittal profile are considered. However, the amount of vertebral rotation and the selection of instrumented vertebrae which would allow the best detorsion may not be predicted. Computer simulation has been advocated to optimize instrumentation strategies [9] . Patient-specific finite element analyses may improve the prediction of correction mechanisms [10] . Although these aids of 3D assessment are interesting, their use remains difficult clinically. It would be valuable to find simple markers describing the relationship between rotation, sagittal imbalance and coronal deformity on radiographs.
The purpose of this study was to determine the effect of in situ contouring on global and segmental sagittal thoracolumbar alignment. The relationship between hyper-and hypokyphotic thoracic segments, vertebral rotation and coronal curve pattern was retrospectively analyzed, seeking for radiographic markers that may facilitate surgical planning to improve sagittal balance.
Materials and methods
Institutional review board approval was obtained. Medical records of 157 consecutive patients followed for adolescent idiopathic scoliosis and operated as young adults between 1994 and 2007 were reviewed. The preoperative radiographs were screened for a particular sagittal pattern representing the inclusion criteria: cranial hyperkyphosis and caudal hypokyphosis of the thoracic spine (Fig. 1) . Global flat backs, thoracic lordosis or hyperkyphosis were excluded. The sagittal full spine radiographs of 54 patients (34.4 %) showed the required mixed pattern in the thoracic spine. The cohort was composed of 6 males and 48 females. The average age at surgery was 21.4 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) years and the follow-up was 8.0 (3.5-15.7) years. Curves were classified as 27 Lenke 1 and 27 Lenke 3. Sagittal thoracic modifiers -, N, or ? were present in both subgroups.
Surgery was indicated in progressive imbalance and curves [45°. A single posterior instrumentation was performed in 28 patients with [50 % reducible curves on side bending radiographs. A thoracoscopic release was indicated in 26 patients for structural curves [70°. A posterior facet release was performed prior to instrumentation. In situ contouring was used for deformity correction: the rod first took the shape of the scoliotic spine, which then followed the shape of the working rod that was progressively bent inside the patient. It was placed on the concave side of the thoracic curve and the convex side of the lumbar curve. Hybrid constructs were used with pedicle hooks at thoracic levels and monoaxial pedicle screws in the lower thoracic and lumbar spine. The rod was locked onto a pediculo-transverse or pediculo-laminar claw at the cranial extremity. All other rod-hook and rod-screw connections remained unlocked at 90°, thus allowing free implant rotation around the rod, while bending the rod and transmitting correction maneuvers to the spine. Correction was achieved successively at different levels by alternating medialisation and anterior pressure of lumbar vertebrae, pushing hypolordotic zones of the lumbar spine anteriorly, while progressive derotation was applied (Fig. 2) . The thoracic deformity was corrected by segmental medialisation, posterior traction and derotation, pulling hypokyphotic zones of the thoracic spine posteriorly (Fig. 3) . These maneuvers allowed a spinal detorsion following the reverse way of scoliosis formation.
Preoperative and last postoperative radiographs were digitized using an optical scanner (VIDAR TWAIN 32, Vidar systems Inc, Herndon, Virginia). Measurements were performed with Spineview software (Surgiview, Paris, France) [11] . Cobb angles were measured [12] and apical vertebrae were determined on posteroanterior full spine standing radiographs. Sagittal balance was assessed on lateral full spine radiographs including femoral heads. Thoracic kyphosis was measured between the superior T4 endplate and the inferior T12 endplate. This measurement was divided into a cranial kyphosis between T4 and T8, 21:1950-1956 1951 and a caudal kyphosis between T9 and T12. Lumbar lordosis was determined between the superior L1 endplate and the S1 endplate. The cranial lordosis was measured between T12 and L2 and the caudal the caudal lordosis between L3 and S1. Global sagittal balance was assessed using the T1 and T9 tilt: angles between the vertical axis passing through the middle of both femoral heads' centers and two axes passing through the center of T1 and T9 vertebral bodies, respectively. Sagittal spino-pelvic balance was determined by pelvic incidence, pelvic tilt and sacral slope [13] . Vertebral rotation was assessed preoperatively to define the level of the most rotated thoracic vertebra. The most rotated lumbar vertebra was documented only in Lenke three curves. Vertebral rotation was measured on posteroanterior standing radiographs according to Perdriolle [14] and on CT reconstructions of each vertebra from T1 to L5, passing through the plane parallel to the cranial endplate at the pedicles' level. The angle was built between the longitudinal vertebral body axis passing through the middle of the posterior wall and the vertical axis of the CT image [15] . Postoperatively, vertebral rotation was not evaluated because the instrumentation would prevent proper radiographic evaluation and control CT was not performed.
The number of vertebrae included in a caudal thoracic hypokyphotic zone (HKZ), including the thoracolumbar junction, was counted on preoperative lateral radiographs. The most cranial and caudal vertebrae of this HKZ were noted. The cranial level was compared to the level of the thoracic apical vertebra on posteroanterior radiographs. A comparison was made between the caudal level of the HKZ and the lumbar apical vertebra in Lenke 3 curves. The level of most rotated thoracic vertebra was compared to the cranial level, and the maximally rotated vertebra of lumbar curves to the caudal level of the HKZ.
Statistical analysis
Statistical evaluation was performed with SPSS 16.0 (SPSS Inc, Chicago, IL). Student's t test was used for the pre-and post-operative comparison of normally distributed radiographic measurements. The Wilcoxon test was used for the analysis of T4-T8 kyphosis, T9-T12 kyphosis, T12-L2 lordosis and L3-S1 lordosis. The correlation coefficient of Spearman was used to analyze the relationships between the most cranial vertebra of the HKZ, vertebral rotation and the apical thoracic vertebra. The same applied for the relationship between the caudal level of the HKZ, vertebral rotation and the apical lumbar vertebra. The correlation was considered as excellent if the Spearman correlation coefficient was [0.80, good 0.61-0.80, middle 0.41-0.60, and poor B0.40. The significance level was set at 0.05.
Results

Global coronal and sagittal balance
Coronal thoracic and lumbar curves were significantly reduced (Table 1) . There was no modification of sagittal T1 and T9 tilt. The same applied to dynamic sagittal spinopelvic parameters pelvic tilt and sacral slope. The intrinsic anatomical spino-pelvic configuration of pelvic incidence remained stable. Thoracic kyphosis T4-T12 decreased by 2.1°and lumbar lordosis L1-S1 decreased by 2.2°. Fig. 2 Correction pathway (continuous curved line) using in situ contouring at lumbar levels, pushing vertebrae successively forward (increasing lordosis) and medial (correction of coronal curve) while derotating on convex sided screws with a lever arm Fig. 3 Correction pathway (continuous curved line) using in situ contouring at thoracic levels, pulling vertebrae successively backward (increasing kyphosis) and medial (correction of coronal curve) using pedicle hooks on the concave side of the curve Segmental correction of thoracic kyphosis and lumbar lordosis
The cranial hyperkyphotic segment T4-T8 decreased by 6.6°and the caudal hypokyphotic segment T9-T12 increased by 5.0°. T12-L2 lordosis increased by 3.7°and L3-S1 lordosis decreased by 3.2° (Table 2) .
Relationship between vertebral rotation, apical vertebrae and sagittal imbalance
The maximally rotated vertebra was located between T6 and T10 for thoracic curves (Lenke 1 and 3) and between L1 and L3 for lumbar curves (Lenke 3). The average rotation of the maximally rotated thoracic vertebra was 22.7°± 7.9°(10°-45°) on radiographs and 18.9°± 7.1°( 5°-36°) on CT. The average rotation of the maximally rotated lumbar vertebra was 25.8°± 7.7°(15°-45°) on radiographs and 22.0°± 8.3°(10°-36°) on CT.
In the coronal plane, the apical vertebra was located between T7 and T10 for thoracic curves (Lenke 1 and 3) and between L1 and L3 for lumbar curves (Lenke 3). In the sagittal plane, the HKZ, appearing as an extension of the physiological T12-L1 rectitude, was observed between T7 and L2. The number of vertebrae included in the HKZ was 6 or 7. The most cranial vertebra of the HKZ corresponded to T7 in 6 patients, T8 in 26 patients and T9 in 22 patients. The caudal vertebra of the HKZ was usually L1 in Lenke 1 and L2 in Lenke 3 curves.
The correlation between cranial level of HKZ, most rotated and apical thoracic vertebra, as well as the correlation between caudal level of HKZ, most rotated and lumbar apical vertebra are demonstrated in Table 3 . It appeared that only the cranial level of HKZ and the level of most rotated thoracic vertebra were significantly (p = 0.003) correlated. The cranial vertebra of HKZ or its adjacent level in the sagittal plane corresponded to the most rotated vertebra in 46/54 patients (85.2 %) in the transversal plane, and to the apical vertebra in 43/54 patients (79.6 %) in the frontal plane. The relationship between vertebral rotation, cranial vertebra of HKZ and apical vertebra is shown in Fig. 4 . This level represents the turning point of maximal vertebral rotation that divides global thoracic kyphosis in a caudal hypokyphosis and an adjacent cranial hyperkyphosis. It also represents the level of the thoracic vertebra that has most migrated anteriorly and laterally in space, corresponding to the apex of the deformity.
Discussion
Coronal curve reduction is obtained by several posterior instrumentation techniques including in situ contouring [4] [5] [6] [7] . Sagittal alignment influences the long-term outcome of instrumented and mobile segments [5] . This implies a complete understanding of 3D deformity to establish the correction strategy [16] . Only a few studies have analyzed [17] . Sucato et al. [18] reported that hook constructs increased kyphosis by 1.9°versus 0.4°with hybrid hook-screw instrumentations. Lee et al. [4] showed a kyphosis increase of 7°with direct vertebral rotation versus 5°with entire rod derotation using pedicle screws. Clement et al. [5] reported a 5.8°kyphosis increase with cantilever reduction versus 15.8°with simultaneous tworod translation. Schmidt et al. [19] demonstrated a kyphosis increase of 13.2°with anterior dual rod instrumentation in thoracic lordoscoliosis, compared to 5.3°with posterior pedicle screw instrumentation. A kyphosis decrease was observed with any kind of instrumentation by Lowenstein et al. [20] and Kim et al. [21] who compared all pedicle screws versus hybrid or hook constructs. The modification of sagittal alignment may depend on the technique, but the amount and pattern of initial deformity remains crucial. Our patients presented a mixture between a caudal flat back (HKZ) and an adjacent cranial hyperkyphosis, which explains why the global kyphosis decrease of 2.1°was not significant.
Kotwicki [22] pointed out that global kyphosis measurements were misleading because curves presenting the same coronal plane deformity could differ morphologically in the two other planes. He emphasized detailed kyphosis measurements between T5-T8 and T9-T12 to differentiate hyper-and hypokyphotic zones. The average kyphosis of 15.8°between T5 and T8 and 3.9°between T9 and T12 indicated a segmental imbalance related to the thoracic curve type, as confirmed by our results. In situ contouring achieved a harmonious sagittal thoracic balance: cranial hyperkyphosis T4-T8 decreased, caudal hypokyphosis T9-T12 (HKZ) increased, and lordosis increased between T12 and L2 (Fig. 5) .
Katsuhiro et al. [23] demonstrated that a standard lateral radiograph would not properly image kyphosis. A 13°t runk rotation would show the real, usually underestimated, T8-T11 hypokyphosis. This phenomenon is related to the torsion of the spine: the maximally rotated thoracic vertebrae move anterior and laterally, which increases the curve in the coronal plane and decreases segmental kyphosis in the sagittal plane. Sangole et al. [24] demonstrated the existence of different subgroups within Lenke 1 curves, suggesting that thoracic scoliosis could be normo-or hypokyphotic (Fig. 6) . Stokes et al. [25] used top views to demonstrate that sagittal apex, coronal apex and vertebral rotation were closely related. Rotation of the plane of maximal curvature was very sensitive to sagittal plane Correlation between caudal vertebra of the HKZ, most rotated lumbar vertebra and apical lumbar vertebra in Lenke type 3 curves Fig. 4 Relationship between maximally rotated thoracic and lumbar vertebrae, apical vertebrae and sagittal hyphokyphotic zone. The cranial extremity of this zone (black arrow) corresponds to the turning point of the thoracic curve and separates caudal hypokyphosis and cranial hyperkyphosis Fig. 5 Coronal curve correction and thoracic sagittal imbalance with cranial hyperkyphosis and caudal hypokyphosis before (white arrow) and after (black arrow) in situ contouring changes, especially when the sagittal thoracic curvature was small. Our observations confirm their theory: a short thoracic kyphosis (the turning point between the HKZ and the cranial hyperkyphosis) corresponds to maximal rotation (Fig. 4) . This has implications for posterior instrumentation techniques, since procedures associated with apical vertebral derotation may exposed it to the risk of further decrease in thoracic kyphosis if 3D relationships are not properly analyzed [23] . Perdriolle and Vidal [14] emphasized vertebral rotation which increases as thoracic curves become progressive. Kotwicki [22] measured maximal rotation around T9 (10°-24°) in thoracic curves with caudal hypokyphosis and cranial hyperkyphosis. Rotation decreased in adjacent vertebrae and was almost neutral around L1. Our results were concordant with these findings. The maximally rotated thoracic vertebra located between T6 and T10 correlated with the cranial HKZ levels T8-T9. Surgical correction by derotation should therefore focus on the sagittal apex dividing hypo-and hyperkyphotic zones, corresponding to the zone of maximal thoracic rotation. Direct apical vertebral rotation using pedicle screws led to a 7.1°decrease versus a 1.6°decrease using simple rod derotation [4] . The detorsion effect of in situ contouring has not been measured on control CT in our study, but had been previously evaluated, showing that maximal thoracic rotation decreased by 12°and a maximal lumbar rotation by 8° [7] .
The sagittal deformity remains critical since a flat back might lead to progressive decompensation and anterior imbalance [26] . Pelvic incidence has a fundamental influence on spinal balance. Upasani et al. [27] showed that patients with Lenke 1 curves had an increased pelvic incidence and sacral slope, and a decreased thoracic kyphosis. This configuration describes a sagittal imbalance of patients that would physiologically have a large lumbar lordosis and thoracic kyphosis [26] . Because of vertebral rotation and anterior migration of the caudal thoracic spine, hypokyphosis may lead to a flat back. Lenke 1 curves can be hypokyphotic in some patients and normokyphotic in other patients when considering only the global kyphosis (Fig. 6) . Mac-Thiong et al. [13] demonstrated that thoracic kyphosis was lower for thoracic than lumbar curves. Thoracic kyphosis depends on 3D deformity and is related to the coronal curve. Lumbar lordosis is highly influenced by the spino-pelvic configuration. There is a strong relationship between lumbar lordosis and the sagittal pelvic orientation [26] . Pelvic incidence, pelvic tilt and sacral slope ranged within physiological values in our study, which indicates that the sagittal deformity in Lenke 1 and 3 curves is probably less related to the spino-pelvic configuration, rather than the thoracic deformity itself.
Conclusion
Lenke 1 and 3 curves can present a normal kyphosis, divided into cranial hyperkyphosis and caudal hypokyphosis (HKZ). Vertebral rotation is maximal at the cranial levels of the HKZ. These vertebrae are located around the sagittal and coronal apex. In situ contouring improved sagittal balance by segmental detorsion and restoration of segmental kyphosis and lordosis. The concept of HKZ and segmental imbalance represents a useful indicator when determining the levels of main spinal torsion preoperatively.
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